A scheme for terahertz (THz) generation from intraband transition in a self-assembled quantum dot (QD) molecule coupled to a metallic nanoparticle (MNP) is analyzed. The QD structure is described as a three-level atom-like system using the density matrix formalism. The MNP with spherical geometry is considered in the quasistatic approximation. A femtosecond laser pulse creates a coherent superposition of two subbands in the quantum dots and produces localized surface plasmons in the nanoparticle which act back upon the QD molecule via dipole-dipole interaction. As a result, coherent THz radiation with a frequency corresponding to the interlevel spacing can be obtained, which is strongly modified by the presence of the MNP. The peak value of the terahertz signal is analyzed as a function of nanoparticle's size, the MNP to QD distance, and the area of the applied laser field. In addition, we theoretically demonstrate that the terahertz pulse generation can be effectively controlled by making use of a train of femtosecond laser pulses. We show that by a proper choice of the parameters characterizing the pulse train a huge enhancement of the terahertz signal is obtained. V C 2014 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Terahertz (THz) technology is an ever growing field, due to the important properties of such radiation and its significant applications, in spectroscopy and imaging. The THz wave can be obtained by both electronic 1 and optical methods. 2, 3 Because of the lack of high quality terahertz sources and efficient detectors, the study and application of terahertz pulses have been greatly restricted. Recently, with the advent of the femtosecond laser technique, the reliable terahertz pulses can be obtained by photo-conductive switches, 4, 5 optical rectification (OR) 6 or photo-induced plasma in a gaseous medium. 7, 8 The development of quantum cascade laser [9] [10] [11] [12] [13] based on semiconductor super lattices is also a breakthrough for THz wave generation. Terahertz fields have been widely applied in various areas of research, such as non-invasive imaging, 14, 15 and have been described in several comprehensive review articles. 16, 17 One promising direction towards the realization of both detectors and emitters operating in the THz, are semiconductor nanostructures, such as quantum wells (QWs) and quantum dots (QDs). 18, 19 Low-dimensional semiconductor heterostructures are almost ideally suited for terahertz and infrared generation because the spacing between levels of dimensional quantization can be conveniently manipulated over the region from several to hundreds of microns, and injection pumping is possible. The specific working frequencies of such devices are determined by the structure design and their modification for a given fabricated sample is possible just by applying an external electric or magnetic field and by means of a mechanical stress.
Optically pumped terahertz emission from a semiconductor surface has been observed in a wide range of semiconductors. Several mechanisms for coherent THz emission from semiconductor heterostructure devices have been demonstrated in the past. In particular, QWs have been proven as THz emitters wherein THz generation is due to charge oscillations with wave packets tunneling back and forth between wells. For example, Roskos et al. 20, 21 and Planken et al.
22
used near-infrared femtosecond laser pulses to excite quantum beats in undoped quantum wells. Generation of terahertz radiation based on the difference of optical frequencies in bound-bound transitions is one of the most promising mechanisms to produce coherent THz sources. 23 In strong laser fields, the emission spectra contain a Rabi frequency that is much smaller than the frequency of the driven laser (located in the low frequency region). In this regime, investigations on few-cycle laser pulses interaction with asymmetric systems have been carried out along recent years. One should break the inversion symmetry of the atomic and molecular systems to obtain low frequency radiation corresponding to slow oscillations which can be realized by the degenerated energy levels combined with the initial coherent superposition states of a certain parity or applying a weak static electric field. The generation of terahertz transients from semiconductor irradiated by femtosecond laser pulses has been well-studied in the context of searching for intense, pulsed terahertz emitters. [24] [25] [26] From the nonlinear optics point of view, the terahertz generation from bulk materials and quantum wells modeled as a three level system can be explained from the second-order nonlinear susceptibility for difference-frequency generation, v (2) (x 1 -x 2 ; x 1 , x 2 ). Wiener 27 calculated the time-dependent polarization for this system by using first order perturbation theory. The polarization for this system is proportional to the product of the transition dipole moments of the three transitions. In the case of a semiconductor heterostructure with a symmetric potential, one of the interband matrix elements is zero, so terahertz emission is impossible to occur. Even if the symmetry of the potential is broken by an electric field of a few kV/cm the matrix element remains very small. Therefore, THz emission due to quantum beats cannot be expected very high. This limitation can be addressed by designing new, nano-engineered materials whose resonances are tuned to a frequency region of interest, such as specially designed plasmonic structures. It is well-known that dipole-dipole interactions occur naturally in nanometer-scale hybrid heterostructures. Nanometer-scale metallic structures can dramatically modify the optical properties of various optically active objects of similar dimensions such as atoms, molecules, or semiconductor quantum dots. In the presence of an external laser field, the surface plasmon oscillation in metallic nanoparticles (MNPs) renormalizes the external field and enhances the electric field in the QDs. The strong modifications are conceptually well understood as a product of free electron oscillations in the metal that induce strong localized electric fields near the surface of nanostructured metals. This has motivated that the research field of plasmonics, while still expanding its applications in linear nano-optics, is quickly advancing towards nonlinear phenomena opening a route to numerous practical applications, such as surface enhanced Raman scattering (SERS), 28, 29 the control of radiation from single quantum emitters 30 or generation of extreme ultraviolet pulses by nonlinear high harmonic generation. 31 From a theoretical point of view, many interesting phenomena have been found in these coupled nanocrystals, such as nonlinear Fano effect, 32-34 F€ orster energy transfer, 35 and local field enhancement. 36, 37 Such exciton-plasmon coupling can lead to a dramatic change in the optical properties. This includes enhancement or suppression of their emission, 37 shift and broadening of their excitonic transitions, 37, 38 enhancement of the Rabi flopping, 39 and optical bistability. 40 Significant attention has been focused on the emerging field of quantum plasmonics with the goal of making devices for quantum information processing 41, 42 as single photon transistors 43 or lasers. 44 Controlling light-matter interaction at the nanoscale has become as one of the paramount goals of nanophotonics. [45] [46] [47] Additionally, the possibility of reaching the quantum regime using plasmonic systems has also been addressed. [48] [49] [50] Here, we will discuss the terahertz generation enhancement from intraband transition in self-assembled QD molecules near a MNP. The linear and nonlinear optical properties in hybrid systems based on metal nanoparticles have attracted the attention primarily in surface-enhanced Raman scattering. 51 More recently there are few works on the enhancement of second harmonic generation (SHG), either in semiconductor QDs or in molecules, produced by the resonant excitation of metal nanoparticles. For instance, enhanced optical SHG by a factor of 8 has been observed in hybrid polymer nanoassemblies based on coupled surface plasmon resonance of a gold nanoparticle array. The observed enhancement was attributed to coupling of surface plasmons between two adjacent gold nanoparticles. 52 Second harmonic generation properties of fluorescent polymer-encapsulated gold nanoparticles has been demonstrated. 53 Midinfrared generation from difference frequency in self-assembled quantum dots near metal nanoparticles with two-color interband excitations have been theoretically analyzed, 54 and SHG signals produced by quantum dot and nanoparticle have been theoretically and experimentally addressed in QD-MNP system. [55] [56] [57] In this paper, we will analyze the ultrafast optical dynamics of terahertz radiation in a hybrid resonant plasmonexciton system. A short laser pulse excite heavy holes (hh) excitons from two adjacent QDs and creates a coherent superposition of two quasi-degenerated adjacent levels with dipole coupling in the quantum dot molecule, 58, 59 which in turn implies the existence of charge oscillations in the system. The level of overlapping of hole wave-functions can be tuned with the application of an external gate voltage. As a result, coherent excitation of THz radiation with a frequency corresponding to the inter-level spacing can be observed. Specifically, we discuss the plasmon enhancement terahertz generation from intraband transition in quantum dots by femtosecond pulses. It is shown that by tuning the pump field near the resonance of the two coupled exciton states the generated terahertz radiation can be enhanced depending on the size and localization of the MNP. In addition, when the hybrid system is driven by a coherent multipulse sequence, we show that the generated terahertz radiation can be either enhanced or weakened, by controlling the relative time delay and phase difference between the optical pulses. The paper is organized as follows: Sec. II establishes the model, i.e., the Hamiltonian of the system and the time-evolution equations of the atomic operators assuming the rotating wave approximation. Section III deals with the numerical simulations and discusses the enhancement of the terahertz emission with pulse trains. Section IV summarizes the main conclusions.
II. THEORETICAL MODEL
We investigate quantum coherence and interference phenomena in a QD-MNP hybrid system. We consider a spherical MNP with radius a coupled to a QD (see Fig. 1 ). The center-to-center distance between the QD and the MNP is denoted as R. We consider a QD molecule consisting in two QD embedded in the intrinsic region of a typical p-i field effect structure. A suitable level scheme is provided by a pair of vertically stacked self-assembled InGaAs QDs, separated by a thin GaAs tunnel barrier and embedded in a GaAs Schottky diode. 59, 60 By applying an external gate voltage, the number of surplus holes in the dot structure can be precisely controlled. By tuning appropriately a external gate voltage, we have a knob to change the overlapping of the hole wave-functions of the two dots. In addition, the electron wave function extends over the two dots because of the smaller electron mass and the resulting increased interdot tunneling. As a consequence, the full system can be represented by a three level K-type system. The three states are denoted as j1i; j2i, and j3i, with energies hx j ; ðj ¼ 1 À 3Þ. The two single-excitonic transitions j1i $ j3i and j2i $ j3i are orthogonal linearly polarized, 61 or left and right circularly polarized. 62 The resonant frequencies between the upper level j3i, and the ground levels j1i and j2i are x 31 and x 32 , respectively. Note that x 31 -x 32 ¼ x 21 , x 21 being the frequency separation of the ground levels. Levels j1i and j2i are also dipole coupled. It is to be noted that in semiconductor quantum wells or bulks modeled as three-level systems, all the transitions are not allowed because of parity.
A laser fieldẼ with frequency x L couples the ground levels j1i and j2i to the upper level j3i, and is given bỹ
where E 1 (E 2 ) is the slowly varying amplitude along thẽ u 1 ðũ 2 Þ direction, which corresponds to the polarization of the transition j1i $ j3i ðj2i $ j3iÞ. We take into account that the effective size of the QD molecule is usually very small, thus, the QD structure can be considered as a point-like dipole induced by the external field. The radius a of the MNP is on the nanometer scale and it is described in the framework of classical electrodynamics. The oscillating electric field of the driving laser will generate localized surface charge oscillations in the MNP and an electric dipole in the QD molecule, which interact with each other via the dipole-dipole interaction. The driving field is assumed to be spatially uniform for the relatively small dimension of the hybrid system, and the quasistatic approximation is used. The dielectric function of the QD is denoted as s , while that of the host medium is denoted as B (see Fig. 1 ). Finally, the dielectric function of the MNP is m (x).
The Hamiltonian of the hybrid system can be expressed as
where
where Lq is the Liouvillian of the system and H.c. stands for the Hermitian conjugate. The parameters l j3 with j ¼ 1, 2 are the interband dipole matrix elements of the excitonic transitions j3i ! j1i and j3i ! j2i, respectively. E ðjÞ QD ðj ¼ 1; 2) is the slowly varying amplitude of the total field felt by the QD polarized along the j3i $ jji transition, which is given by
where effs ¼ (2 B þ s )/3 B , and S j is 2 or À1 when the electric field E j is polarized along the axis of the hybrid system or in the orthogonal direction. The Z direction corresponds to the axis of the hybrid system (see Fig. 1 ). The dipole P ðjÞ MNP
originates from the charge induced on the surface of the MNP, and depends on the total field due to the QD (Ref. 62) as
where E ðjÞ MNP is the slowly varying field amplitude at frequency x L felt by the MNP, which is given by
and
is the dipole polarizability of the MNP. The dipole P ðjÞ QD ðj ¼ 1; 2Þ is expressed via the off-diagonal elements of the density matrix as follows:
Substituting Eqs. (6) and (7) back into Eq. (5), we obtain
Finally, the slowly varying amplitudes of the fields in the QD are By introducing Eq. (9) into Eq. (3), the total Hamiltonian of the QD in the dipole approximation can be expressed as follows:
where we have introduced the magnitudes X j and G j , which contain the effects of both coupling fields and localized surface plasmons, and are explicitly given by
In the above equations, X j is the renormalized Rabi frequency associated with the driving field and the field produced by the induced dipole moment P MNP of the MNP. In addition, G j shows the interaction between the polarized QD and the MNP. Note that G j is a complex quantity. When the laser field is weak, the imaginary part of G j represents the F€ orster energy transfer rate from the QD to the MNP and therefore contributes to the damping rate of the QD. The real part of G j refers to the red shift of the QD transition caused by the plasmonic effects. 33, 39 In view of the previous considerations, the time evolution of the density matrix now reads
The term Lq which accounts for the spontaneous decay rates of the involved transitions, can be written in the Lindblad form 
Here, c p 3j (j ¼ 1, 2) stand for the spontaneous emission decay rates of the QD. These parameters are modified by the plasmonic field of the MNP. The dissipative process described by the term of the Liouvillian with the pre-factor c 21 accounts for the lower levels' dephasing and is assumed to be uncoupled with the localized surface plasmons due to the low values of the Zeeman splitting considered.
We consider that the QD molecule can lose its excitation radiatively by emitting a photon and non-radiatively through the dissipation of currents induced by the QD in the MNP. In order to describe how the spontaneous emissions of the QD's atomic transitions are modified by the plasmonic interaction, we make use of the classical calculations of the fields as shown, for example, in Ref. 63 . In the case of considering a metallic particle whose size is much smaller than the wavelength, the calculation simplifies because it is sufficient to consider the quasistatic field solution, 63 and the QD is also treated as a point dipole. It is well-known that the decay rate of an electric dipole in free space is
whered 0 is the dipolar moment of the atom andẼ 0 ðH 0 Þ is the electric (magnetic) field in free space. When a nanoparticle is close to the atom, the radiation power will change since the electric and magnetic fields reflected on the particle act back upon the atom and modify the emission of the atomic dipole. In this new situation, the decay rate is
E R ðH R Þ being the reflected electric (magnetic) field, and d tot being the total dipole moment of the hybrid system. In view of these considerations, we can compute an enhancement factor for the decay rate as F enh ¼ c=c 0 ¼ jd tot j 2 =jd 0 j 2 . This topic has been addressed in detail in previous works. 63, 64 The enhancement factor (F enh ) depends on both the size and shape of the MNP and its relative orientation to the dipolar moments of the QD. The coherent-plasmonic field enhancement factor in the current case, F j enh , reads as [see Eq. (11)]
In view of the considerations raised when defining the enhancement factor in Eq. (16), the radiative decay rate of the atomic transitions modified by the coherent-plasmonic field enhancement are given by 
where the super-index 0 is used to indicate the values of the free space decay rates. A similar approach to estimate the modification of the decay rates has been used in other works (see, for example, Refs. [65] [66] [67] [68] [69] . It is worth noting that depending on the orientation of the dipole moments of the QD emitter's transitions, the decay rates could become very different from one another, i.e., the value of F 1 enh can strongly differ from that of F 2 enh . This could result in an anisotropic Purcell factor enhancement which will have important consequences for controlling the time dynamics of this nano-hybrid system.
The equations of motion for the density matrix elements of the QD in the hybrid system and in an appropriated rotating frame can be derived from Eq. (10) and read
A close inspection of Eq. (18) reveals that the plasmonic interaction manifests in three ways: the first one relies on the enhancement of the Rabi frequencies which drive the QD according to the values given in Eq. (11) . The second mechanism can be formally interpreted as a nonlinear frequency shift in the optical resonance causing a dynamical detuning. The value of the dynamical detuning for the optical coherence q 31 and q 32 are given by Re G 1 ðq 11 À q 33 Þ ½ and Re G 2 ðq 22 À q 33 Þ ½ , respectively. In addition, the radiative decay rates are also modified by the plasmonic interaction as previously discussed. It should be remarked that the three above mentioned mechanism strongly depend on the QD-MNP distance R and its size through a.
The electric field radiated by the hybrid system in the THz regime (E R (t)) is proportional to the second temporal derivative of the coherent time-varying polarization P / q 21 ðtÞ, i.e., E R ðtÞ / @ 2 q 21 ðtÞ=@t 2 .
In what follows we will analyze the effects of localized surface plasmons on the radiated THz signal.
III. NUMERICAL SIMULATIONS AND DISCUSSION
We consider a spherical gold MNP with radius a ¼ 8-10 nm. The dielectric constant for gold is obtained by interpolating the tabulated experimental data from Ref. 70 21 is not essential to the purposes of the current work, and merely manifest as a change in the frequency of the THz generated signal.
The lowers' level dephasing is set to c 21 ¼ 0.3c 0 . We consider that the system is driven by either a single Gaussian laser pulse centered around 814 nm or by a finite train of identical delayed pulses. The pulse/s can be derived from a Ti:sapphire laser. In the case of a single laser pulse, it can be written as X ffiffi ffi 2 p r is the 1/e half-width, X 0 is the normalized (dimensionless) peak amplitude which measures the pulse area, and t p is the center of the pulse. The bandwidth of the laser pulse is assumed to be large enough to be able to drive the two excitonic transitions simultaneously. The temporal pulse length is r ¼ 0:05=c 0 % 300 fs. Finally, the polarization parameters are
We numerically solve the density matrix equations of motion [Eq. (18) ] using a time interval [0, t f ]. The instant of time t f ¼ 200/c 0 % 1.2 ns is selected to be large enough to allow for the proper sampling of the low frequency components of the radiated field which account for the terahertz signal E R (t). For all simulations, we consider q 11 (0) ¼ 1, and q ij ð0Þ ¼ 0 ði; j ¼ 1; 2; 3; i and j 6 ¼ 1Þ. Figure 2 (a) displays the time evolution of the electric field of the terahertz signal in the absence (dashed line) and in the presence (solid line) of the MNP. The distance from the QD to the MNP was set to R ¼ 15 nm and the radius of the MNP was selected to be a ¼ 8 nm. It becomes clear that the presence of the MNP leads to a larger terahertz signal than the one obtained in its absence. This effect is further confirmed when analyzing the power spectrum of the signals depicted in panel (a) and they are displayed in panel (b). The maximum of the power spectrum is reached at a frequency c % 1.45 THz (vertical dashed line) which is roughly the same value as the lowers' level splitting. The enhancement of the peak value in the power spectrum of the terahertz signal can be attributed to the dipole-dipole interaction between the QD and the MNP. Let us analyze in detail which is the major mechanism for causing the terahertz signal enhancement. The values of the nonlinear parameters are G 1 ¼ G 2 % ðÀ0:17 þ i0:37Þc 0 . Note that both the real and imaginary parts of the nonlinear parameters remain lower than one in units of c 0 , which indicates us that the energy transfer from the QD to the MNP and the dynamical detuning should have a negligible effect in the time dynamics of the hybrid system and, consequently, in the generation of the terahertz signal. In view of this, the influence of the MNP on the QD reduces to the enhancement of the effective Rabi frequency (jX j j % 3:78jX 0 j j) which drives the excitonic transitions. This effect is accompanied by the modification of the optical decay rates: c p 31 ¼ c p 32 % 14:3c 0 . In order to clarify the role of these two mechanisms, we plot in panel (c) the THz signal without considering the change of the decay rates due to QD-MNP interaction (dashed line), and using the same parameters as in panel (a). For comparison purpose, we also plot the THz signal when such modification of the decay rates is taken into account (solid line). This figure reveals that the change of the decay rates due to the QD-MNP interaction results in a dramatic change of the time evolution of the radiated field while the driving pulse is on (dashed-dotted line). In addition, disregarding the modification of the decay rates results in a low terahertz signal (dashed line). This effect can be confirmed by inspecting panel (d) which shows the power spectrum of the signals of panel (c). In summary, the MNP produces a huge enhancement of the THz signal. This result can be attributed to the enhancement of both the Rabi frequencies and the optical decay rates.
The system dynamics is expected to depend also on the detuning D 31 . Experimentally, D 31 is controlled by varying the frequency of the driving laser. Thus, we now focus our attention on the peak value of the power spectrum of the signal (jE R ð c Þj 2 ). We performed numerical simulations by varying both the pulse area (X 0 ) and the detuning (D 31 ). The resulting map is displayed in Fig. 3 , indicating that a huge enhancement of the terahertz signal is obtained for a wide pairs of values (D 31 , X 0 ). This indicates that such enhancement can be achieved without requiring precise control for the optical detuning, while the peak value at c can be tuned by a proper selection of the pulse area. This point is essential to address the experimental implementation of this hybrid system. Figure 3 has shown that the area of the incident pulse is an external parameter which allows for the control of the terahertz signal. In addition, the magnitude of the enhancement of the effective Rabi frequency (see Eq. (11)) is explicitly dependent on the size of the MNP. Thus, we resort to analyze the influence of the pulse area (X 0 ) and the size of the MNP on the generated signal. Figure 4 (a) displays the peak value of the power spectrum at c (jE R ð c Þj 2 ) as a function of the pulse area X 0 . In the case of an isolated QD (dashed line), we observe an oscillatory behavior in the achieved peak value at c . The period of the oscillations is shortened in the presence of the MNP and an enhancement of the peak value is achieved (dashed-dotted line). This shortening appears due to the strong exciton-plasmon coupling, which produces a huge increase of the effective Rabi frequency as indicated in Eq. (11) . The change of the radius of the MNP from a ¼ 8 nm (dashed-dotted line) to a ¼ 10 nm (solid line) results in a further increase of the peak value of the terahertz signal 2 ) displayed in panel (c). In all panels the pulse center is t p % 3 ps, its width is r % 0.3 ps, the pulse area is X 0 ¼ 0.5. The MNP has a radius of a ¼ 8 nm and it is located R ¼ 15 nm apart from the QD. The dashed-dotted line in (a) and (c) stands for the scaled driving pulse. accompanied by an additional shortening of the period of oscillation. This behavior can be explained by taking into account the fact that the plasmonic interaction enhances the effective Rabi frequency and also produces a modification of the decay rates (c p 3j ; j ¼ 1; 2) due to the term which scales with the cube of the radius of the MNP (see Eq. (16)). The curve with the largest radius of the MNP (solid line) is of special interest since it allows to obtain a moderate peak amplitude even for modest values of the pulse area X 0 % 2.5. This is of special interest for the experimentalists since it does not require the use of a very high energy driving pulse.
Let us define an enhancement factor (g) as the quotient of the power of the terahertz signal at c obtained in the presence of the MNP (jE w ð c Þj 2 ) to that obtained for the isolated QD (jE iso ð c Þj 2 ), i.e., g jE w ð c Þj 2 =jE iso ð c Þj 2 . Figure 4 (b) presents the magnitude g versus the distance R for two values of the pulse area. These curves indicate us that for an adequate selection of the distance R and the pulse area X 0 , up to an eightyfold enhancement can be achieved. Note that for a separation larger than R ¼ 40 nm the enhancement is reduced, since the dipole-dipole interaction is negligible at such large distances:
31 . Now we turn our attention to the possibility of obtaining a precise control of the duration and the shape of the generated terahertz signals. Different schemes have been considered to shape the terahertz electromagnetic waves. Such coherent optical control over individual quantum systems in semiconductors has been the subject of active research over the past decade 71 because of its potential applications in atom optics, 72 preparation of entanglement, 73 and quantum computation. 74, 75 Three main strategies, that is, temporal coherent control, optimal control, and adiabatic passage, have been proposed to realize quantum coherent control. 76 Stimulated Raman adiabatic passage (STIRAP) 71, 77, 78 has emerged as a very efficient and robust way to achieve complete coherent population transfer between two discrete states in an atomic or a molecular system. This technique has played a major role in population transfer in K and ladder systems. 71, 79, 80 In what follows we will analyze the use of a train of pulses which drive simultaneously the two optical transitions or a train of delayed pulses in an STIRAP schema.
Here, we will analyze how the application of two delayed pulses which drive simultaneously the two optical transitions would allow to improve the efficiency of the terahertz signal generation. To this end, we carried out numerical simulations to compare the terahertz signal obtained when a single driving pulse is applied with that obtained under the application of two consecutive pulses of the same width. The two-pulse train is given by X 
The second pulse is delayed by T r ¼ 1/ 21 , and 21 being the frequency associated to the lowers' level splitting. In the case of the two pulses, the area of the two-pulse train was selected to be identical to the area used in the single driving pulse, which is guaranteed by the prefactor 1/2. Note that in both cases, the single pulse and the two-pulse train cases, the laser field drives simultaneously both optical transitions. In the simulations depicted in Fig. 5 , we have chosen the width of each one of the driving pulses to be lesser than in the previous figures of this work. This choice is motivated by the fact that the time interval between the centers of two consecutive pulses must be larger than the width of each one of them, which allows to drive the optical transitions with non-overlapping pulses. Figure 5 (a) displays the terahertz radiation signals emitted by irradiation with a single femtosecond pulse tuned to resonance (dashed line), centered at t p % 3 ps; r % 60 fs and X 0 ¼ 0.75. The resulting terahertz signal obtained for the case of two-pulse excitation is also shown (solid line). We can observe that the application of a second pulse allows to manage the terahertz radiation signal. In particular, the amplitude of the THz is enhanced by a factor greater than 2 when compared to the signal obtained in the single pulse excitation case. Panel (b) shows the power spectrum of the respective THz signals obtained in both situations. Again we observe that the terahertz field has the maximum peak at a frequency close to 21 ' 1.45 THz, which demonstrates the enhancement arising from the use of two pulses. The particular choice of the delay between the two pulses (T r ¼ 1/ 21 ) is motivated by the fact that this time interval is related to the beating time of the lowers' level coherence. as a function of the number of pulses (N) in the presence/absence of the MNP (þ/). In the case of an isolated QD (), we found a monotonic decrease of the peak value achieved as the number of pulses increases. This situation is dramatically modified by the presence of the MNP: a close inspection of panel (d) reveals that there exists an optimum value of the number of pulses (N opt ¼ 3) which maximizes the peak value of the power spectrum of the signal. This is of particular interest for the experimentalists since the use of finite train of pulses allows to obtain up to a nearly sevenfold enhancement of the signal by using pulses of small area compared to the case of using a single pulse of large area. We would like to remind here that the simulation was performed by imposing that the area of the single driving pulse is identical to the total area of the finite multipulse train. Now we turn our attention to the use of a pair of delayed pulses which drive the two optical transitions in an STIRAP schema, in order to analyze whether this choice would allow for a high terahertz signal. To this end, we carried out numerical simulations to compare the terahertz signal obtained when a pair of simultaneous pulses of the same width drives the two optical transitions of the form X 2 , ds being the time separation between the time center of the two pulses. We allow ds to be either positive/negative which allows to simulate the driving of the optical transitions in an counterintuitive/intuitive way. It is worth mentioning that the use of driving fields in a counterintuitive way, i.e., where the pulse which drives the j2i $ j3i optical transition precedes the pulse which drives the j1i $ j3i transition, has been proved to be more useful for the optimum transfer of population between the two lower levels in a similar K-like atom as the one considered here (see, for example, Refs. 71, 79, and 80). In both cases, the area of the pulses used was the same. Figure 6 (a) displays the terahertz radiation signals emitted by irradiation with a single femtosecond pulse tuned to resonance which drive simultaneously the two optical transitions (solid line), centered at t p ¼ 0.3 ps, r % 300 fs, and X 0 ¼ 2. The resulting terahertz signal obtained for the case of two pulse excitation and delayed ds ¼ r is also shown (dashed line). We can observe that the application of a non-simultaneous second pulse in a STIRAP way allows to produce a huge enhancement of the terahertz radiation signal. In particular, the amplitude of the THz signal is enhanced by a factor greater than 9.9 when compared to the signal obtained in the simultaneous excitation case. Panel (b) shows the power spectrum of the respective THz signals obtained in both situations. Again we observe that the terahertz field has the maximum peak at a frequency close to 21 ' 1.45 THz. Panel (c) shows the peak value of the power spectrum at c versus the Rabi frequency X 0 in the case with two simultaneous/non-simultaneous pulses. It is remarkable that the use of the STIRAP schema for driving the optical transitions produce a large peak value than that obtained in the simultaneous driving in the range from low to intermediate values of the pulse area (0 < X 0 3), whereas for larger areas the STIRAP schema shows a worse performance. This is of interest for the experimental testing of these predictions, since the use of large areas would require more powerful lasers to drive the hybrid system. Let us define an enhancement factor jE R ð c ;ds6 ¼0Þj 2 jE R ð c ;ds¼0Þj
2 . This will allow to know the relative efficiency of the STIRAP-like driving schema compared to the simultaneous excitation one. Magnitude ranges from 1 to 3 in the interval X 0 2 1; 2:5 ½ and exhibits a maximum of 11.3 at X 0 ¼ 1.9, indicating the existence of an optimum value of the pulse area to enhance the THz signal. Finally, panel (d) depicts the peak amplitude of the power spectrum of the THz signal at c versus the time delay ds. Positive values of ds correspond to the counterintuitive driving STIRAP schema, whereas negative values of ds match to the intuitive driving schema, where the pulse which drives the j1i $ j3i optical transition precedes the pulse which drives the j2i $ j3i transition. The maximum attained in the counterintuitive driving schema is fourfold greater than the maximum obtained in the intuitive driving one.
In order to get some physical insight about the numerical results, we resort to solve a linearized version of Eq. (18) . We assume that each pulse duration is sort compared with the system response times, and the period of the quantum beat, so that the optical fields can be described by impulsive functions 81 EðtÞ
where EðtÞ is the envelope function and T r is the time between pulses. We are interested in obtaining the response of the sublevels coherence q 21 after a long time interaction with the pulse train as the system reaches the steady state regime. In the weak pulse limit, we can neglect the variations in the populations and then write q 11 ¼ q 2 ) as a function of the pulse delay (ds), using the rest of data as in panel (a).
